Abstract-In this paper, we describe a new measurement capability which provides fully calibrated, traceable scattering parameter measurements in rectangular metallic waveguide in the frequency range 750 GHz-1.1 THz. The instrumentation consists of a vector network analyzer (VNA) with waveguide extender heads, situated at the University of Leeds, Leeds, U.K., and primary measurement standards characterized by the National Physical Laboratory, Teddington, U.K.. The measurement standards consist of lengths of precision waveguide that are used during the calibration of the instrumentation. Traceability to the International System of Units (SI) is established by performing high-precision dimensional measurements on the waveguide sections. A preliminary uncertainty budget is presented, indicating the expected sizes of the main sources of error in both reflection and transmission measurements.
I. INTRODUCTION
N ATIONAL Measurement Institutes (NMIs), from many regions around the world, have established facilities to provide high precision scattering parameter measurements at RF, microwave and millimeter-wave frequencies [1] . These facilities achieve traceability to the International System of Units (SI) by relating the quantities being measured (i.e., the scattering parameters) to the relevant base units of the SI (in this case, the meter, ampere, and second) [2] , [3] . Through provision of national and international references for scattering parameter measurements, these systems make it possible to harmonize all measurements that can be traced to these primary standards.
Most of these NMI facilities operate at frequencies up to 110 GHz. Recently, some NMIs have established new metrology capabilities at frequencies above 110 GHz (e.g., NIST [4] , [5] , PTB [6] , NMIJ [7] , [8] , and NPL [9] - [11] ). These developments have extended the availability of traceable measurements in certain waveguide bands. In response to demand from the industry (see, for example, [12] - [15] ), instrument manufacturers have developed measurement systems, i.e., vector network analyzers (VNAs), which operate at all frequencies from 110 GHz to 1.1 THz (see, for example, [16] - [19] ). This calls for reliable measurement references and methods for quality assurance for metrology at these frequencies. Ultimately, SI traceability for the measurements is required to achieve these goals. Within the UK, this need has driven a program of research to propose suitable calibration techniques, and also establish the associated traceability to SI.
These research objectives are being delivered by means of a collaboration between the University of Leeds, Leeds, U.K., and the National Physical Laboratory (NPL), Teddington, U.K.. A millimeter-and submillimeter-wave VNA at the University of Leeds provides the measurement instrumentation. The calibration standards are lengths of precision waveguide. These standards are characterized by NPL. Researchers at both the University of Leeds and NPL have contributed to the development and operation of the traceable measurement capabilities.
Initially, this research has concentrated on waveguide bands in the upper part of the millimeter-wave region, i.e., from 110 to 330 GHz [9] - [11] . The program has now established a facility to provide traceable -parameter (i.e., reflection and transmission coefficient) measurements in the WM-250 [20] (or, equivalently, WR-01 [21] ) waveguide band, which supports frequencies from 750 GHz to 1.1 THz. We report on the new capability in this paper. Some work has already been undertaken by other researchers (see [7] , [8] ) to provide metrological traceability for this range of frequencies. However, the work reported in [7] , [8] utilized a new type of waveguide flange/interface that is not commonly used in this, or any other, waveguide band. The type of waveguide flange/interface used at these frequencies will have a major impact on the performance of the VNA measurement system. The work described in this paper uses the same type of flange/interface that is used for nearly all applications in waveguide bands above 110 GHz (including the 750 GHz-1.1 THz band).
II. MEASUREMENT SYSTEM
The measurement technique employed by this facility is based on NPL's Primary IMpedance Measurement System (PIMMS) [22] , [23] . The measurement instrumentation comprises a Keysight Technologies PNA-X VNA and a pair of VDI submillimeter-wave extension modules. This system is shown in Fig. 1 . The submillimeter-wave extension modules provide a complete -parameter test set for a specific waveguide band. The measurement stimulus signal is obtained via harmonic multipliers within the extension modules. For the 750 GHz-1.1 THz waveguide band, the instrument produces a nominal test port power of 35 dBm.
The measurement uncertainty is established following international recommendations [24] which are adapted to account for the fact that the quantities being measured (i.e., the scattering parameters) are complex-valued quantities [25] , [26] . In order to evaluate the extent of random errors in the measurements, multiple measurements are made with repeated connections of the waveguide interfaces. Separate experiments are used to ascertain the extent of systematic errors in the measurement system. These systematic errors are due to imperfections in the physical properties of the calibration standards, VNA test port mismatches, non-linearity and cross-talk. The evaluation of measurement uncertainty is described in Section VI.
III. CALIBRATION STANDARDS AND TECHNIQUES
The UK's national measurement reference for -parameters is provided by PIMMS, which seeks to obtain the optimum measurement accuracy using the available instrumentation, calibration standards and error-correction techniques. For these measurements, ideal candidates for the reference standards are precisely machined lengths of air-filled waveguide. These form uniform sections of transmission line and, as such, their expected behavior can be considered from fundamental electromagnetic circuit theory.
The NPL/University of Leeds partnership has been supplied with a set of these precise waveguide line sections that are suitable for the 750 GHz-1.1 THz waveguide band. These standards have been manufactured by SWISSto12. The standards enable the Thru-Reflect-Line (TRL) [27] calibration technique to be implemented. This technique is employed since it uses these lines as the calibration standards. TRL is also a "self-calibration" technique that does not need all standards to be known items [28] , [29] -only the Thru connection needs to be fully known (i.e., in terms of its -parameters). This is considered a reasonable assumption for a Thru connection (which is achieved simply by joining the two VNA test ports together), since no additional physical artefact is needed to realize this standard. This is the reason why the TRL calibration technique is preferable to the similar LRL (Line-Reflect-Line) calibration technique [30] at these frequencies-for the LRL technique, all four -parameters of the first Line standard need to be known to a high degree of accuracy. This requires that the Line must first be characterized using dimensional measurements (particularly, to determine the length of the Line standard). Errors that are inevitable in the dimensional measurements impact the assumed characteristics of the Line standard. At lower frequencies (e.g., microwave frequencies, where wavelengths are comparatively large), it can safely be assumed that these dimensional errors will be negligible compared with the required characterization accuracy for the Line standard. At these very high frequencies (750 GHz-1.1 THz), where wavelengths are very small (ranging from approximately 650 m, down to 320 m within the waveguide), this assumption becomes questionable. The dimensional errors are significant compared to the guide wavelength and therefore the Line standard cannot be characterized to the necessary degree of precision needed for a 'known' calibration standard. For this reason, LRL calibrations are not used with PIMMS in all waveguide bands above 110 GHz.
For a routine implementation of TRL, the Line standard length is chosen so that the phase difference between the Thru and Line standards is between 0 and 1/2 wavelength across the waveguide band (and is a 1/4 wavelength around the middle of the band). This is the range in which the calibration is well-conditioned. At and around 0 and 1/2 wavelength, the calibration becomes poorly defined. In general, the calibration fails at (where and is the wavelength). Therefore, a Line standard is chosen whose length produces phase changes that do not coincide with these calibration failure values. Generally, lines are chosen so that phase differences are more than 30 away from the failure frequencies, e.g., for 1/4-wave TRL, phase changes that vary in the range from 30 to 150 are considered to provide suitable calibrations.
However, it becomes difficult to implement 1/4-wave TRL calibration schemes at frequencies above 110 GHz because the required length of the Line standards becomes very short. For example, in the 750 GHz-1.1 THz band, a line length of approximately 100 m is needed to provide phase changes that vary from 30 to 150 across the band. Such a short length of line is mechanically very fragile and so could easily become damaged during use. Therefore, such a line is not considered to be a good choice as a primary reference standard for these frequencies.
To avoid using such short lines, a modification to the TRL calibration technique has been established [31] whereby phase changes are used that are greater than conventional '1/4-wave' TRL. Instead, line lengths are chosen that produce phase changes in the range from 1/2 to 1 wavelength (i.e., 180 -360 ). This approach also avoids the problems associated with the alternative LRL scheme.
It is still necessary that the line phase changes are 30 or more with respect to the calibration failure points. This leads to phase changes within a range from 210 and 330 that are needed to provide acceptable TRL calibrations. This achieves a so-called 3/4-wave TRL calibration technique. The phase of these longer lines varies more rapidly as the frequency is increased (compared to a conventional 'short' 1/4-wave line) and so one line is not able to provide stable calibrations over the full band. Therefore, two lines are used-one for the lower part of the band; one for the higher part of the band. This 3/4-wave TRL method, for millimeter-wave frequencies, is described in [31] . The approach can also be extended to submillimeter-wave frequencies and this leads to line lengths for the 750 GHz-1.1 THz band as shown in Table I . The phase changes produced by the two lines (also shown in Table I ), indicate that the useable bandwidths for the lines overlap, to some extent. The 388 m line has an upper frequency of 928 GHz, whereas the 298 m line has a lower frequency of 838 GHz. The changeover from using one line to the other line, as the Line standard, can occur at any frequency from 838 to 928 GHz. In practice, the frequency is chosen as 883 GHz (i.e., approximately in the middle of the overlap frequency region). Fig. 2 shows one of the Line standards from the 3/4-wave TRL calibration kit. Situated in the middle of this standard is the waveguide aperture. However, because the dimensions of the aperture are very small (approximately 250 m 125 m), it is barely visible in this photograph. A close-up view (i.e., an optical scan) of the waveguide aperture is shown in Fig. 3 . (This scan was obtained during the collection of the dimensional measurements of the apertures-the two vertical lines in the scan are part of the measurement frame used by the dimensional measurement system.) The scan shows some imperfections in the waveguide aperture, including some rounding of the corners of the aperture. Effects due to these dimensional imperfections, on the electrical performance of the line standards, are discussed in Section V.
A reflection standard is also employed in the TRL calibration process. This Reflect standard must produce an identical, though not necessarily quantified, value of reflection coefficient at each of the test port reference planes of the VNA. The Reflect standard is ordinarily implemented by connecting a flush short-circuit (i.e., a flat metallic sheet with no waveguide aperture) to the VNA test ports. Using the same physical Reflect standard at each test-port (in turn) permits the assumption that an identical value of reflection coefficient is presented at both of the VNA's reference planes (neglecting electrical noise and connection repeatability errors). The complete calibration kit (i.e., two line standards and a flush short-circuit) is shown in Fig. 4 . The device in the middle, in Fig. 4 , is the flush short-circuit (i.e., containing no waveguide aperture).
IV. DIMENSIONAL DATA Metrological traceability to the International System of Units (SI) is achieved for the -parameters via precision dimensional measurements of the TRL standards-specifically, measurements of the dimensions of the waveguide apertures and the alignment mechanisms found on the waveguide interfaces. The measurements are temperature corrected using a value for the coefficient of linear thermal expansion of 16. 6 10 K (i.e., assuming the lines are made primarily from copper). Each dimensional measurement is repeated (typically, four or five times) with the mean of the measurement data reported.
Measurements of the waveguide aperture broad and narrow wall dimensions were performed using a microscope with a travelling stage and reflecting illumination. The displacement of the stage was measured by means of a helium-neon laser interferometer, the frequency of the laser having been determined using an iodine-stabilized reference laser. Measurements were made at both front and back faces of the lines. The measurements were made of the bulk wall properties of the aperture at the mid-point of the broad and narrow walls. The reported results are the average of four repeated measurements. The expanded uncertainty (using a coverage factor of ) of both broad and narrow wall dimensional measurements is expected to be approximately 2.0 m.
In addition, the position and size of the alignment mechanisms on the waveguide interfaces are also measured. These alignment mechanisms are the dowel holes, used in conjunction with externally fitted dowel pins, to align the standards with the VNA waveguide test ports. These measurements were made using a Zeiss F25 coordinate measuring machine (CMM) fitted with a ball tip micro-stylus of diameter 0.3 mm. Each line was measured separately after being positioned with the aperture axis aligned vertically on the CMM, as shown in Fig. 5 . The expanded uncertainty (using a coverage factor of ) in these dimensional measurements is typically 0.5 m. Some measurements of these alignment mechanisms were also made using the laser interferometer in order to correlate the two sets of dimensional measurements.
V. ELECTRICAL CHARACTERIZATION
Deviations from the nominal dimensions for the waveguide standards necessarily affect the calibration of the VNA and the subsequent measurement accuracy. To understand the impact of these dimensional deviations, it is required to convert this data into equivalent electrical performance metrics. To a first order approximation, this amounts to estimating the reflections produced when waveguide lines with the dimensions obtained from the mechanical characterization step are connected to lines with nominal dimensions. There is currently in existence at least two sets of published values for the nominal aperture dimensions of waveguide used for the 750 GHz-1.1 THz band. These waveguide sizes are known as WM-250 [20] and WR-01 [21] . The nominal mechanical dimensions of these two waveguide sizes are shown in Table II .
Measurements of the broad and narrow wall dimensions of the waveguide apertures, described in Section IV, showed that the apertures of the two lines used for the TRL calibration exhibit measurable departures from the nominal values for both the WM-250 and WR-01 waveguide sizes. These measured values can be summarized in terms of their observed deviation from the nominal waveguide aperture dimensions for both WM-250 and WR-01. These summary values are shown in Tables III and IV, for the broad wall and narrow wall dimensions, respectively.
These summary values show that all measured values are within 5 m of the nominal values (for both the broad and narrow wall dimensions) for both the WM-250 and the WR-01 waveguide aperture sizes.
Values of reflection coefficient due to tolerances in waveguide apertures have been given in [20] and [32] , where it is shown that, for these waveguide aperture sizes, a tolerance of 5 m gives rise to a maximum reflection coefficient, between two perfectly aligned waveguides, of 22 dB. This is equivalent to a linear reflection coefficient magnitude of 0.079. This value is therefore used as an input quantity for the uncertainty assessment for this system.
The alignment mechanisms used for the TRL calibration lines are similar to those specified for a design given in [33] -in particular, the design known as the IEEE 1785.2a 'Precision Pin' interface. This type of interface uses two tight tolerance inner alignment holes in conjunction with four looser tolerance outer alignment holes, as indicated in Fig. 6 . Appropriately sized dowel pins are inserted into all six of these alignment holes during connection. The measurements of the diameters of the alignment holes, also described in Section IV, on the two TRL standards are summarized in Tables V and VI. These tables give the maximum departures from nominal diameters of both the inner and outer alignment holes, respectively.
According to [33] , the IEEE 1785.2a interface achieves a worst case reflection coefficient of 19 dB, for this waveguide size. This is equivalent to a linear reflection coefficient magnitude of 0.112. Based on the dimensional values given in Tables V and VI, it is assumed that the interfaces on the two TRL line standards achieve this same level of performance and therefore this value is used as an input quantity for the uncertainty assessment for the system.
VI. UNCERTAINTY ESTIMATES
Evaluating the performance of the VNA requires the production of uncertainty budgets. These budgets indicate the expected size of individual uncertainty contributions which are attributed to systematic errors within the measurement system (e.g., imperfections in the calibration standards, residual terms in the VNA error model, isolation/crosstalk, VNA detectors' non-linearity, etc.). Random errors (e.g., connection repeatability of the device under test (DUT), noise and fluctuations in the environmental conditions) are not included in these uncertainty budgets. With the exception of electrical noise, these random errors may be considered to be 'external' to the VNA and consequently, they are not representative of the VNA's performance. Connection repeatability errors are mainly influenced by the quality of the waveguide interfaces on the DUTs. The VNA system is housed in a temperature-controlled laboratory to reduce fluctuations in the ambient conditions. The impact of changes in the measurement environment is further mitigated through minimizing the time between calibration and measurement of the DUT.
The uncertainty budgets presented in this paper also do not contain a contribution to account for the frequency accuracy and spectral purity of the VNA test frequency. Although potentially an important contribution, it is considered beyond the scope of the preliminary uncertainty budgets presented in this paper. The resulting uncertainty budgets establish the Calibration and Measurement Capability (CMC) [34] for the measurement system. The uncertainty budgets can therefore be considered appropriate for establishing a Scope of Accreditation [35] for the VNA system.
A. Reflection Measurements
The main source of uncertainty for reflection measurements (i.e., and ), may be attributed to reflections caused by the imperfections in the Line standards used during calibration. In particular, reflections caused by imperfections in the waveguide aperture sizes (i.e., the broad and narrow wall dimensions) and the alignment mechanisms found on the waveguide interfaces. The Line standards are used in the TRL calibration to set the characteristic impedance for the system and so these reflections cause there to be uncertainty in the characteristic impedance determined by the calibration. It is expected that, for such small waveguide apertures, these dimensional imperfections will be the dominant source of uncertainty in setting the characteristic impedance of the system. This uncertainty subsequently affects all reflection measurements made by the calibrated VNA.
Section V gave a maximum value for the reflection caused by the deviations in the broad and narrow wall dimensions of the apertures of the Line standards. This worst-case reflection error, , is converted to an equivalent standard uncertainty, , using [24] (1)
since it is assumed that the worst-case reflection error can be represented using a uniform probability density function (PDF). Section V also gave a maximum value for the reflection caused by the imperfect alignment of the interfaces of the Line standards. As before, this worst-case reflection error, , is converted to an equivalent standard uncertainty, , using [24] ( 2) since, as before, it is assumed that the worst-case reflection error can be represented using a uniform PDF. The two uncertainty contributions, and , are independent of each other and so the combined standard uncertainty in reflection, , is given by [24] (3)
The expanded uncertainty in reflection coefficient measurements, , obtained using a coverage factor of , is given by [24] (4) Therefore, this value can be considered the CMC expanded uncertainty for the VNA reflection coefficient measurements (i.e., and ). This uncertainty value is equivalent to a return loss of approximately 16 dB. For comparison purposes, similarly-sized dimensional errors in WR-10 waveguide (i.e., for frequencies from 75 to 110 GHz) produce a return loss of approximately 40 dB.
B. Transmission Measurements
For transmission measurements (i.e., and ), the uncertainty is evaluated using the error model given in [36] . (The symbols and terminology presented here are consistent with that used in [36] .) The three main contributions to the overall uncertainty, given in [36] , are: 1) isolation/crosstalk; 2) mismatch;and 3) non-linearity.
The system isolation/crosstalk is determined by observing and when both ports of the VNA are terminated with low reflecting loads. The achieved performance is shown in Fig. 7 . Fig. 7 suggests that the isolation/crosstalk error, , at nearly all frequencies across the waveguide band is better than 40 dB.
For a given DUT, the contribution to uncertainty due to isolation/cross-talk, , will vary according to the attenuation, , following the expression in [36] (5)
Here, the isolation/crosstalk term is considered to be a transmission coefficient (i.e., dB, rather than dB) and the measured attenuation, , is expressed as a positive number, e.g., dB. This results in a slightly different form of the equation given in [36] . For a given attenuation value, is effectively a worst-case error estimate and, consequently, it may be treated as a limit value. Therefore, it is characterized using a uniform PDF. The equivalent standard uncertainty, , is therefore established in the usual way [24] (6)
The equation used to calculate the error due to mismatch, , is also given in [36] 
where , , and are the measured -parameters of the DUT, is the VNA residual test port match, and is the VNA residual load match.
The values of both and may be considered to be equivalent to that of the standard uncertainty for reflection measurements [36] , which has been determined already (i.e., an uncertainty in linear reflection coefficient of 0.079). For convenience, the estimate of mismatch is limited to the case of DUTs with relatively low input and output reflection, i.e., where linear and linear . (For devices with linear and/or linear , the mismatch calculation is repeated using the measurements of and in (7).) Under these circumstances, the worst-case value of is 0.244 dB (for all passive DUT values of and ). For vector errors, where knowledge of the phase is either absent or not used (due to a lack of confidence in the reliability of the measured phase value), it is conventional to use a -shaped PDF to characterize the error. Therefore, the equivalent standard uncertainty, , is established following [37] , [38] 
The systematic non-linearity error, , in transmission measurements is ordinarily assessed by means of a calibrated step attenuator, to provide different, but known, power levels to the VNA test ports. However, for this waveguide size, there are no traceable calibrated attenuation 'steps' available. Consequently, estimates of the likely values for are used for this contribution to the uncertainty budget. A typical value for obtained for coaxial VNA systems is 0.002 dB/dB [36] . For VNAs with waveguide extender heads operating from 110 to 330 GHz, the estimated non-linearity is 0.004 dB/dB, according to [9] - [11] . Thus, a conservative value of 0.01 dB/dB is used here for the purpose of this preliminary uncertainty budget. The equivalent standard uncertainty, , is established following the procedures given in [36] (9)
From (6), (8) , and (9), the combined standard uncertainty for the transmission measurements, , is evaluated following [24] (10) Therefore, this value can be considered the CMC standard uncertainty for transmission measurements [i.e., and , in decibels (dB)]. The expanded uncertainty in transmission coefficient measurements, , obtained using a coverage factor , is given by (11) The size of and are functions of the value of attenuation being measured. Consequently, it is helpful to explore the relationship between the size of each contributing uncertainty component (mismatch, non-linearity, isolation/crosstalk) and the value of the measured attenuation. This is shown in Fig. 8 for attenuation values ranging from 0 to 30 dB. Fig. 8 demonstrates that, for low measured values of attenuation (i.e., 10 dB and less), mismatch is the largest source of uncertainty. For measured values of attenuation greater than 10 dB, isolation becomes the largest source of uncertainty. The overall expanded uncertainty (obtained using (10) and (11)), shown in Fig. 9 , varies from 0.36 to 2.8 dB as the attenuation being measured ranges from 0 to 30 dB.
This uncertainty information can also be summarized in the form of an uncertainty budget table. An example uncertainty budget table, for a well-matched 20 dB attenuator, is shown in Table VII .
The measurement uncertainty is normally calculated at each frequency, at each measured value, and for each -parameter. This will often lead to values of uncertainty that are somewhat different (either lower or higher) than the values shown in Figs. 8 and 9 , and presented in Table VII . For example, it is evident from Fig. 7 that at many frequencies across the band, the crosstalk/ isolation of the VNA is considerably better than the value of 40 dB used here in the estimate of overall measurement uncertainty. 
C. Random Errors
Although the evaluation of the uncertainty presented in this paper has not included a treatment of the random errors impacting this measurement system, it is informative to provide some information about these types of error. For measurements in waveguide at submillimeter-wave frequencies, the most significant source of random errors is likely to be due to the repeatability of connection of the waveguide devices to the VNA test ports. This lack of repeatability emanates primarily from the mechanical properties of the waveguide interfaces-e.g., the mechanical tolerances on the alignment mechanisms (i.e., the dowel pins and holes), the tightness of the connection (i.e., the torques applied to the bolts used to tighten the waveguide interfaces), the roughness and flatness of surfaces (e.g., on the faces of the interfaces). These errors will vary depending on the quality (i.e., degree of precision) and condition of the waveguide interfaces, and while it is possible to control these attributes for the VNA test ports, it is not possible to have the same degree of control for the DUTs (which will often be provided by third parties). It is for this reason that it is not generally feasible to provide a complete uncertainty budget for a particular DUT before it has been measured by the system. Some work on assessing DUT repeatability in this waveguide size has been undertaken recently [39] - [41] for some selected one-port devices. These were high-reflecting devices (a flush short-circuit and an offset short-circuit) and a low-reflecting device (a near-matched load). It was found in [39] that experimental standard deviations, calculated from a series of 12 repeat measurements made under essentially the same condition of measurement, varied from approximately 0.01 to 0.1 (in terms of linear reflection coefficient). This is equivalent to a standard uncertainty of the order of 0.029 [24] .
Further work [40] investigated the situation where the aperture of the DUT was inverted (i.e., rotated through 180 ) between the repeated disconnection and re-connection of the DUT to the VNA test port. In some instances, this showed a substantial increase in the observed experimental standard deviations (compared with the situation when the DUT aperture was not inverted between reconnection). This suggested that the positional alignment of the aperture of some DUTs exhibited a systematic offset from the nominal position of the aperture. The impact of this effect can be removed from the measurements by only measuring an item in the same, specified, connection orientation to the VNA test port. Alternatively, a single device could be measured twice-i.e., 1) in a non-inverted orientation and 2) in an inverted orientation. Each of the two orientations would be treated as a separate measurand. This, in effect, treats the DUT as providing two measurands-one, in the non-inverted orientation; and another, in the inverted orientation. Separate results, each with an associated uncertainty, could then be given for these two measurands.
Finally, some related work [41] investigated the effect of using different types and combinations of alignment dowel pins and holes during the connection of the waveguide interfaces. These investigations showed that, for the interfaces that were studied experimentally, there was no obvious 'best choice' combination of alignment dowels, although all connections that were investigated used at least the four outer alignment holes (shown in Fig. 6 ).
It was shown in [40] , [41] that experimental standard deviations, calculated from series of 24 repeat measurements, can be as large as 0.4 (in terms of linear reflection coefficient). This is equivalent to a standard uncertainty of the order of 0.08 [24] , which is larger than both standard uncertainty contributions given in (1) and (2), relating to the deviations in the aperture dimensions of the waveguides. This illustrates that the contribution to uncertainty due to connection repeatability of the waveguide interfaces can be the dominant source of uncertainty for these types of measurement.
D. Uncertainty in Phase
For a given -parameter, ( , 2; , 2), the standard uncertainty for phase, , can be estimated using [42] (12)
where is the measured -parameter and is the standard uncertainty in . Equation (12) assumes that the uncertainty in each of the -parameters can be represented by a circular region of uncertainty (i.e., characterized by a circular bivariate normal PDF) in the complex plane for each -parameter. The expanded uncertainty in phase, , obtained using a coverage factor of , is given by [24] (13)
When using (12) to compute the standard uncertainty in the phase of transmission measurements, a preliminary step is needed to determine the standard uncertainty in the magnitude of the linear transmission coefficient, i.e., or . This can be derived from the measured attenuation (in dB),
, and the standard uncertainty in the measured attenuation (also in dB),
. For reciprocal devices, the magnitude of the linear transmission coefficient, , is related to as follows: (14) From the Law of Propagation of Uncertainty [24] ( 15) and from (14) (16) So, from (14) , (15) and (16) (17) Equation (12) shows that the uncertainty in phase will vary depending on the magnitude of the -parameter being measured. For linear magnitudes close to unity (i.e., representing either complete reflection or complete transmission), the standard uncertainty approximates to (18) Equation (18) establishes a CMC for -parameter phase measurements. However, when the magnitude of a given -parameter is less that the uncertainty in the magnitude of the -parameter [i.e., ], the uncertainty in phase becomes indeterminate. To illustrate a calculation of uncertainty in phase, we use the uncertainty budget in Table VII , where the standard uncertainty in logarithmic transmission is given as 0.498 dB. This is equivalent to an uncertainty in linear transmission, , using (17), of 0.005 8 (assuming the measured value of transmission is actually 20 dB). This produces a standard uncertainty in phase, using (12), of 3.3 , or equivalently, an expanded uncertainty of 6.6 [using (13)]. More generally, Fig. 10 shows a graph of expanded uncertainty in transmission phase, as a function of measured attenuation.
VII. SUMMARY
This paper has described a new capability for providing -parameter measurements, with traceability to the International System of units (SI), of waveguide devices in the frequency range 750 GHz-1.1 THz. This capability is provided by a partnership between NPL and the University of Leeds. The VNA system is owned by, and operated at, the University of Leeds and the primary reference standards in the TRL calibration kit are characterized by NPL. Researchers at both NPL and the University of Leeds are involved in providing the -parameter measurements. It has been demonstrated that the capability achieves a Calibration and Measurement Capability (CMC) expanded uncertainty of 0.16 for linear reflection coefficient magnitude, and 0.36 dB for low measured values of attenuation. The related CMC for -parameter phase measurements, using (18) and (13), i.e., for -parameters with linear magnitudes close to unity, is 9.1 for measurements of reflection and 21 for measurements of transmission. These CMCs are expanded uncertainties obtained using a coverage factor of . It is fully recognized that the uncertainty values given in this paper are based only on a preliminary assessment of what is expected to be the most significant sources of error affecting measurements of this type. However, there has been some related recent work aimed at quantifying uncertainty components for this waveguide band [7] , [8] , [43] and there is encouraging agreement between these independent uncertainty assessments. It will therefore be useful, at some time in the future, to verify and validate these uncertainty statements-for example, through a measurement comparison exercise involving systems operating at these frequencies belonging to other end-users-for example, as used in [7] , [8] , [43] . It will also be useful to undertake a rigorous review of the mechanical interactions that take place when connecting interfaces of this type at these, and similar, submillimeter-wave frequencies. Detailed models that include the imperfections in both interfaces that are involved in a waveguide connection could be used to provide a more accurate definition of the condition of measurement for the -parameter measurands.
